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Abstract

Lymphocytes enter lymph nodes by first adhering to high endo-
thelial venules, an adhesive event mediated by a lectinlike lym-
phocyte receptor (L-selectin). Previously, it was shown with an
in vitro assay that lymphocytes preferentially adhere to myelin-
rich regions in brain sections. Here, using a recombinant form
of L-selectin as an immunohistochemical reagent, we demon-
strate potential ligands for L-selectin in myelinated regions of
the central but not the peripheral nervous system. Using sev-
eral antibodies and phorbol ester downmodulation of the recep-
tor, we establish that L-selectin on human lymphocytes has a
primary involvement in lymphocyte adherence to the myelin-
ated regions. On mouse lymphocytes, the contribution of L-
selectin appears to be partial. These findings raise the possibil-
ity that leukocyte targeting to myelin-rich regions, via a
L-selectin dependent mechanism, may be a factor in the patho-
genesis of certain central nervous system demyelinating dis-
eases. (J. Clin. Invest. 1991. 88:1778-1783.) Key words: L-se-
lectin * lectin * myelin * multiple sclerosis * EAE

Introduction

Lymphocytes recirculate continuously throughout the body,
passing through secondary lymphoid organs such as peripheral
lymph nodes (PN)' and Peyer's patches, which are interposed
between the blood and lymphatics. The selective migration or
homing of blood-borne lymphocytes to lymphoid organs de-
pends on tissue-specific adhesive interactions with specialized
endothelial cells (EC) of high endothelial venules (HEV) within
the lymphoid organs (1-3). In the case of PN, the adhesion step
is mediated by the interaction of a calcium-dependent, lectin-
like receptor termed L-selectin (also known as LECAM-1,
MEL-14 antigen, PNhoming receptor, gp9OMEL, LAM-1, Ly-
22, Leu-8, TQ1, and DREG)on the lymphocyte surface (4-1 1)
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1. Abbreviations used in this paper: CNS, central nervous system; EAE,
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sclerosis; PN, peripheral lymph nodes.

and a carbohydrate-based ligand (12, 12a) expressed by the EC
of PN HEV cells. L-Selectin is a member of the "selectin"
family of cell-cell adhesion proteins which also includes
ELAM-1 (E-selectin) and CD62 (P-selectin) (13). A homing
receptor distinct from L-selectin is used by lymphocytes to
enter Peyer's patches (14-16) and another adhesion molecule
appears to be involved in migration to chronic inflammatory
lesions such as the synovium in rheumatoid arthritis (17).

The adhesive interactions between lymphocytes and HEV
have been studied primarily with the Stamper-Woodruff assay
(18), in which viable lymphocytes attach selectively to HEV
structures within cryostat-cut sections of lymphoid organs. In
the mouse, the ability of various lymphocyte populations to
bind HEV within different lymphoid organs in vitro shows
excellent correspondence with their migration to these tissues
in vivo (19). The Stamper-Woodruff assay was recently applied
to the study of B cell binding to germinal centers of tonsil, an
interaction that may underlie the localization of activated B
cells to the follicles of lymphoid organs (20).

Several years ago, Kuttner and Woodruff employed the
same assay to demonstrate that rat peripheral lymphocytes are
able to adhere specifically to the white matter, but not to non-
myelinated regions, of both cerebellum and cerebrum (21). In
contrast, thymocytes exhibit little binding activity to both my-
elinated regions and PN HEV. These parallels suggested that
lymphocyte binding to HEVand to myelinated regions might
involve the same lymphocyte surface receptors (21). It was spec-
ulated (21) that under pathological conditions (e.g., multiple
sclerosis) in which leukocyte trafficking to the central nervous
system (CNS) compartment occurs, the presence of myelin-
binding receptors might promote the accumulation of these
cells at myelinated regions and might therefore be a factor in
the pathogenesis of demyelination. A possible indication of the
pathophysiological relevance of the original observations was
that lymphocytes from MSpatients adhere significantly better
than control lymphocytes to myelinated regions of brain sec-
tions (22).

The role of L-selectin in lymphocyte binding to PNHEV
was initially inferred from antibody blockade studies per-
formed with the Stamper-Woodruff adherence assay (4). Sub-
sequent studies confirmed this function by showing that both
the purified molecule (23) and LEC-IgG (a soluble fusion pro-
tein of murine L-selectin and human IgG) (24) can selectively
interact with PN HEV and block lymphocyte attachment.
Moreover, LEC-IgG was employed as the basis of a specific
histochemical stain for the HEV-associated ligand molecules
for L-selectin (24). In the present study, we have employed
previously established techniques to investigate whether L-
selectin participates in lymphocyte binding to myelinated re-

gions of the brain.
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Methods

Reagents. LEC-IgG was a gift from Dr. Lanry Lasky (Genentech Inc.,
South San Francisco, CA). MEL- 14 was purified by ammonium sulfate
precipitation of hybridoma culture supernatant. PolyMEL was gener-

ated from a rabbit immunized with purified mouse L-selectin (25).
Anti-mouse lymphocyte Peyer's patch HEV adhesion molecule-l
(LPAM-1) was used as supernatant of Rl/2 (American Type Culture
Collection, Rockville, MD). Anti-mouse T200 (Ml/9.3) was a gift
from Dr. Jeff Curtis (VA Medical Center, San Francisco, CA). TQI was
obtained from Coulter Laboratories, Hialeah, FL. LAM1.4 was a gift
from Dr. Tom Tedder (Dana-Farber Cancer Institute, Boston, MA).
Anti-human integrin a4 (HP2/1) was obtained from AMAC, Inc.
(Westbrook, ME). Anti-human integrin #2 was purchased from Telios
Pharmaceuticals, Inc. (San Diego, CA). Anti-human integrin (I anti-
body, AIIB2 (26), was a gift from Dr. Caroline Damsky (University of
California, San Francisco, CA). Cacodylic acid, EGTA, PMA, FITC,
and paraformaldehyde were obtained from Sigma Chemical Co. (St.
Louis, MO).

Cells and tissues. Mouse or rat mesenteric lymph node (MLN) lym-
phocytes were obtained from normal ICR mice (Bantin & Kingman,
Inc., Freemont, CA) or Sprague-Dawley rats (Simonsen Laboratories,
Inc., Gilroy, CA). Human peripheral blood mononuclear leukocytes
(PBL) were isolated from the peripheral blood of healthy volunteers
using Mono-Poly Resolving Medium (Flow Laboratories, Inc.,
McLean, VA). JS9-78 (a cloned Jurkat line with high expression of
L-selectin, a gift from Dr. Lloyd Stoolman, University of Michigan,
Ann Arbor, MI) was cultured in RPMI 1640 supplemented with 10%
FCS. Mouse cerebellum and spinal cord were obtained from ICR mice.
A human cerebellum, which was formalin-fixed and stored in ethanol,
was used for sectioning.

Histochemical staining using LEC-IgG. The method for LEC-IgG
staining was described in detail elsewhere (24). Briefly, cryostat-cut
sections (10 Mm) were fixed with 0.5% paraformaldehyde in 0.1 M
sodium cacodylate (pH 7.3) for 20 min on ice, followed by immersion
in 100% methanol with 0.3% H202 for 20 min on ice. The sections were

washed in Dulbecco's PBS and incubated for 80 min on ice with 30
,qg/ml LEC-IgG diluted in 5%normal horse serum and 5%normal rat
serum. They were incubated with biotinylated-goat anti-human IgG
(Zymed Laboratories, South San Francisco, CA) in PBScontaining 5%
normal mouse serum followed by an ABCElite reagent (Vector Labora-
tories, Inc., Burlingame, CA), and then AECperoxidase substrate (Bio-
meda, Foster City, CA). Finally, the sections were counterstained with
aqueous hematoxylin (Biomeda) and photographed with a Nikon Op-
tiphot microscope.

In vitro lymphocyte binding assay. Mouse MLNlymphocytes or
Jurkat cells ( 1-3 X 106 cells in 100 gAl of RPMI 1640 supplemented with
5% FCS and 12.5 mMHepes) were incubated on paraformaldehyde-
fixed tissue sections by a modification of the Stamper-Woodruff assay
(27). Antibodies tested were added to the cell suspension before the
incubation. The sections were then fixed in 2.5% glutaraldehyde and
stained with toluidine blue. A unit area (UA, 0.032 mm2)was defined
with the aid of an ocular reticle or as a defined myelin strip present on a
series of contiguous tissue sections. In assays testing the effects of rat
antibodies reactive to mouse L-selectin and LPAM-1, a ratio method
was used in which rat lymphocytes (used as an internal control popula-
tion) were labeled with 60 jg/ml FITC in PBSfor 30 min at 370C (28)
and mixed with an equal number of mouse lymphocytes for the bind-
ing assay. Antibodies that were tested were present continuously during
the binding assay. Inhibition of adherence was calculated from the
change in the ratio of specifically bound mouse to rat cells.

Results

Weextended the basic observation of Kuttner and Woodruff to
other species by showing that mouse MLNlymphocytes (Fig. 1
a) and human Jurkat cells (Fig. 1 c) attach to the white matter
tract of mouse cerebellum while exhibiting very limited bind-
ing to the grey matter region (granular layer) or to the dendritic
region (molecular layer). Equally selective binding was also ob-
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Figure 1. Binding of mouse lymphocytes and human Jurkat cells to mouse cerebellum. (a and b) Mouse MLNlymphocytes; (c and d) human
Jurkat cells. (a and c) No EGTAadded; (b and d) with 10 mMEGTA. Exogenous lymphoid cells bound are shown as dark dots associated with
white matter. W, white matter, G, granular layer, and M, molecular layer. Bars, 50 um.
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Table L Effects of Antibodies and EGTAon Lymphocyte Binding to Cerebellar White Matter

Experiment Cells for binding Cerebellum source Reagent added %inhibition

1 Mouse MLNL Mouse MEL-14 27.4 (±4.8)
Anti-a4fp 2.47 (±6.5)

2 Mouse MLNL Human EGTA* 78.3 (±3.7)
MEL-14 32.9 (±14.7)
PolyMEL 56.5 (±3.0)

3 HumanJurkat Mouse TQl 97.5 (±1.1)
PolyMEL 97.9 (±1.1)

4 HumanJurkat Mouse LAM1.4 81.7 (±7.9)
5 HumanJurkat Human TQ1 98.9 (±0.3)

Anti-a, 5.8 (±2.4)
Anti-#2 13.9 (±4.5)

6 HumanPBL Mouse EGTA 95.5 (±1.5)
TQ1 98.1 (±0.6)
Anti-02 -15.2 (±7.2)
Anti-a, -5.9 (±18.7)

Data are reported as mean percent inhibition of binding (±SEM) relative to controls (no antibody or EGTA). Three to five replicate sections were
used for each condition. Negative values denote percent increase of cell binding. In experiment 1, the ratio method was used with an internal
standard of fluorescein-labeled rat lymphocytes (see Methods). The antibodies were used at the following concentrations: MEL-14, 5 tg/ml; Po-
lyMEL serum, 1:10; LAM1.4, 1:100; TQ1, 10 ug/ml. Anti-human #B, 2, and a4 were used at a saturating concentration for Jurkat cells as es-
tablished by flow cytometry analysis. EGTAwas used at 10 mM. The antibodies and EGTAwere added to the cells immediately before
incubation of the cells with the tissue sections and were present continuously during the binding assay. The control level of binding ranged from
100 to 300 cells per UAin the different experiments. MLNLdenotes mesenteric lymph node lymphocytes. * In a separate experiment, EGTA
produced 88 ± 3% inhibition of mouse lymphocyte binding to mouse cerebellar white matter.

served to white matter tracts as compared to the grey matter
regions of the spinal cord (not shown). Consistent with a possi-
ble role of a calcium-dependent adhesion molecule in the inter-
action, the addition of EGTAgreatly reduced (> 80%) the bind-
ing of mouse lymphocytes to cerebellar white matter and com-
pletely prevented (> 96%) the adherence of Jurkat cells (Fig. 1,
b and d, Tables I and II). To determine if the myelinated re-
gions contained potential ligands for L-selectin, brain and spi-
nal cord sections were stained with LEC-IgG. As shown in Fig.
2, the myelin-rich white matter tracts of both cerebellum and
spinal cord exhibited specific staining. In contrast, regions hav-
ing few or no myelinated fibers, such as the granular and molec-
ular layers of the cerebellum and the grey matter of the spinal
cord, were negative. In some instances, Purkinje cell bodies
were slightly positive. In agreement with the known calcium
dependency of L-selectin (29, 30), the addition of EGTAto

Table II. Effects of PMAon Jurkat Cell Binding to Human
Cerebellar White Matter

Treatment of cells EGTA Cells bound/UA %inhibition

None - 117.0(±4.1)
+ 2.5 (±I.0) 97.9 (±0.8)

PMA - 4.5 (±0.6) 96.2 (±0.6)
+ 2.8 (±O.5) 97.6 (±0.4)

Jurkat cells were incubated with PMAat 100 ng/ml for 30 min at
370C, or left untreated under the same conditions, washed, and used
for the binding assay. EGTAwas used at 10 mM. Data represent the
mean of cells bound per UAand percent inhibition (±SEM) of four
replicate sections. In the same experiment, PMAexposure of Jurkat
cells completely inhibited their adhesion (> 90%) to mouse PNHEV.

LEC-IgG greatly reduced staining of the myelinated regions as
was previously observed for staining of PN HEV (24). Strik-
ingly, the staining of myelinated fiber tracts appeared to be
restricted to the CNS, because LEC-IgG reactivity was not de-
tected on the nerve root adjacent to the white matter of spinal
cord (Fig. 2 c) or on the sciatic nerve (not shown).

To determine directly whether L-selectin on lymphocytes
contributed to their binding to myelinated regions, we em-
ployed monoclonal and polyclonal antibodies against L-selec-
tin. MEL-14 is a well characterized monoclonal antibody
which recognizes mouse L-selectin and completely blocks
mouse lymphocyte binding to PNHEV(4). As shown in Fig. 3,
MEL- 14 produced a partial inhibition (30%) of mouse lympho-
cyte binding to cerebellum white matter (mouse or human),
whereas the binding to PNHEVwas almost completely elimi-
nated. Anti-T200, a class-matched antibody reactive with the
lymphocyte commonantigen (CD45), had no effect on binding
to either PNHEVor cerebellar myelin. Whereas MEL-14 in-
hibited - 30% (ranging from 20 to 50% in different experi-
ments) of lymphocyte binding to myelinated regions, EGTA
caused > 80% inhibition (Fig. 1, Table I). PolyMEL is a rabbit
polyclonal antiserum produced against murine L-selectin that
blocks adherence of lymphocytes from mouse, rat, and human
origin to PN HEV (25). When tested on mouse lymphocyte
binding to myelinated regions of cerebellum, PolyMEL also
produced a partial inhibitory effect of 50% (Table I).

TQ1 and LAM1.4 are recently described monoclonal anti-
bodies that react with human L-selectin (31) and effectively
interfere with lymphocyte attachment to PNHEV. In contrast
to the partial effects noted above with anti-L-selectin reagents
on mouse lymphocytes, TQ1 blocked (> 90%) the binding of
both a Jurkat T cell line and human PBL to cerebellar myelin
to the same extent as EGTA(Table I). Equivalent inhibitory
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Figure 2. LEC-IgG staining of mouse cerebellum and spinal cord. (a and b) Cerebellum; (c tof) spinal cord. (a, c, and e) No EGTAadded; (b, d,
andf) with 10 mMEGTA. W, white matter, G, granular layer, and M, molecular layer. In c and d, the lower left portion represents an area of
white matter of the spinal cord, and the upper right portion represents an adjacent nerve root (R). e andfshow the anterior funiculus (an area
consisting of the white matter) and central canal surrounded by grey matter (GM). The reaction product for the HRPimmunohistochemistry
is brown in these micrographs. Nuclei within the sections stain blue as a result of counterstaining with hematoxylin. Bars, 50 Mm.

effects were observed with TQ1, whether the cerebellar sections
were of human or mouse origin. In addition, LAM 1.4 and
PolyMEL produced almost complete inhibition of Jurkat cell
binding to cerebellar myelin (Table I).

Several integrins, in particular VLA-4 (a4,81), LPAM-l
(asflp), and LFA-l (afi2), are known to participate in lympho-
cyte adhesive interactions to a variety of cells including other
lymphocytes, endothelial cells, follicular dendritic cells, fibro-
blasts, and keratinocytes (16, 20, 32, 33). Therefore, to deter-
mine whether the observed inhibitory effects were restricted to
anti-L-selectin reagents, function-blocking antibodies against
a4, aI, and #2 were tested for their effects on mouse lympho-
cyte, human PBL, and human Jurkat cell binding to cerebellar
myelin. As shown in Table I, none of these antibodies pro-
duced inhibition when tested at saturation.

Further evidence for the involvement of L-selectin in my-
elin binding came from phorbol ester studies. PMAtreatment
of human lymphocytes is known to cause a rapid and almost

complete shedding of L-selectin from the cell surface, which is
presumed to be due to proteolytic cleavage (31). Weconfirmed
this observation for the Jurkat cells by FACSanalysis with an
anti L-selectin mAb(i.e., TQl). After down modulation of L-
selectin, binding to cerebellar myelin tract and to PN HEV
were both drastically reduced (Table II).

Discussion

The present results indicate a role for L-selectin in the in vitro
attachment of lymphocytes to myelinated regions of CNS. Li-
gand sites for L-selectin are concentrated in white matter re-
gions of CNS, where myelinated axons are abundant. In the
case of mouse lymphocytes, the contribution of L-selectin ap-
pears to be partial in view of the incomplete inhibition by either
a monoclonal or a polyclonal antibody. The finding that
mouse lymphocyte binding is greatly reduced by EGTAsug-
gests the possible participation of other calcium-dependent re-

L-Selectin-mediated Interaction of Lymphocytes with Myelinated Tracts 1781
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Figure 3. Effect of MEL,14 antibody on lymphocyte binding to
mouse cerebellum. Mouse MLNlymphocytes were mixed with
FITC-labeled rat lymphocytes (used as an internal control population)
for the binding assay. MEL-14 antibody was added to the cells at the
indicated concentrations before their incubation with tissue sections.
Inhibition of adherence was calculated as the change in the ratio of
HEV- or myelin-bound mouse to rat cells. Anti-T200 at 500 ng/ml
did not affect the lymphocyte binding to either PNHEVor cerebel-
lum myelin (< 5%change).

ceptors on the same cells or on distinct cell populations. How-
ever, in the case of human lymphocytes, L-selectin appears to
play a dominant role in attachment to white matter because
each of three independent antibodies against this molecule vir-
tually eliminates attachment. Moreover, PMA-induced
downregulation of surface L-selectin is completely correlated
with the loss of attachment activity.

L-Selectin, like the other two members of the selectin fam-
ily (34), depends on lectin activity for its adhesive function.
HEV-associated, biological ligands for L-selectin in lymph
nodes have been identified as two sulfated, sialylated, and fuco-
sylated glycoproteins (12). However, in addition to these biolog-
ical ligands, L-selectin can bind to several related carbohydrate
structures from a variety of natural sources (35). It may, there-
fore, be speculated that the basis for L-selectin-mediated bind-
ing of lymphocytes to white matter of brain is the fortuitous
expression of a cross-reactive carbohydrate within the myelin-
ated tracts. Based on the present histochemical studies with
LEC-IgG, this putative carbohydrate-based ligand would ap-
pear to be present on CNSmyelinated tracts but absent or
substantially diminished on myelinated peripheral nerves.
Whether the putative CNSligand is an actual constituent of
myelin membranes or is expressed on an associated structure
remains to be determined by higher resolution morphological
mapping.

An interaction between lymphocytes and myelinated
tracts, which is reflected in the in vitro assay of the present
study, has dubious physiologic significance under normal cir-
cumstances, because lymphocytes are largely excluded from
the CNSparenchyma (36). However, in demyelinating diseases
of the CNS, such as experimental allergic encephalomyelitis
(EAE) in animals and MSin humans, lymphocytes and macro-
phages traffic in large numbers to the CNSand are found in
close association with lesions (37, 38). The etiology of EAE
clearly involves class II restricted, CD4+T cells that are specific
for defined regions of myelin basic protein (36). However, the
neuroantigen-specific T cells appear to represent a very small
minority of the lymphocytes that invade the brain (39, 40).
Moreover, the neuroantigen-specific lymphocytes are predomi-
nantly restricted to perivascular localizations, whereas the infil-

trating lymphocytes contiguous with the actual lesions are of
unknown antigen specificity (39). These findings in EAE, as
well as observations in other demyelinating diseases (41-43),
suggest that the demyelination process itself may involve lym-
phocytes lacking immune reactivity to neuroantigens, al-
though the entry of these cells into the brain may be orches-
trated by neuroantigen-specific lymphocytes (39,43). The pres-
ent demonstration that L-selectin can mediate lymphocyte
attachment to myelinated tracts suggests a potential mecha-
nism for the targeting of lymphocytes (irrespective oftheir anti-
gen specificity) as well as other leukocytes possessing L-selectin
(44, 45) to myelinated axons of the CNS. Once proximity were
established via a L-selectin-dependent adhesion mechanism,
selective damage to myelinated cells could result from a pro-
cess of cell-mediated cytotoxicity or from the local release of
cytokines, proteases, or free radicals. These models presuppose
that the leukocytes are activated as cytotoxic or cytokine-se-
creting cells before their association with myelin or that they
become fully activated as a consequence of the association. The
restriction of ligand sites to CNSas opposed to the PNSwhite
matter may offer an explanation of why many demyelinating
diseases selectively affect the CNS. The availability of a wide
variety of reagents (e.g., antibodies, carbohydrates, LEC-IgG)
that block the interaction of L-selectin with its ligands should
allow further investigation of the possible role of this widely-
distributed adhesion receptor in mediating leukocyte adhesion
to myelinated nerves in vivo and in contributing to pathologi-
cal demyelination reactions. In this regard, it is noteworthy
that treatment of rats with fucoidin or mannose-6-phosphate,
two carbohydrate-based inhibitors of L-selectin, have been re-
ported to prevent or delay the induction of adoptively trans-
ferred EAE in rats (46, 47).
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